ABSTRACT: Recent advances in characterizing thymic function confirm the importance of thymus to T-cell diversity in the periphery of both children and adults during both health and disease. Lack of a marker to identify human recent thymic emigrants (RTEs) is the biggest hurdle to accurately characterizing and quantifying thymic output. T-cell receptor excision circles (TRECs) are used as an assay to measure RTE levels. Controversy exists, however, as to whether TREC concentrations reflect the number of RTEs or are mainly altered by peripheral Tcell division and death. In this review, we first summarize recent data on the human thymus and RTEs. On the basis of both experimental and mathematical analyses, we characterize factors that influence TREC dynamics in the periphery and elucidate primary elements that induce a decline in TREC concentrations during normal aging and HIV-1 infection. Our findings suggest that T-cell dynamics are key to the accuracy of TREC concentrations as a useful measurement of human RTEs.
I. INTRODUCTION
The population of peripheral blood T cells is maintained in relative homeostasis over the life of the human host. 1 Both the output of recent thymic emigrants (RTEs) from the thymus and the proliferation of T cells already present in the periphery contribute to the total T-cell pool. 2 Because of thymic involution, however, the relative contributions of the thymus and proliferating T cells to ABBREVIATIONS RTEs, recent thymic emigrants; TCR, T-cell receptor; TRECs, T-cell receptor excision circles; TES, thymic epithelial space; PVS, thymic perivascular space; TN, CD3 -CD4 -CD8 -triple negative; ITTP, CD3 -CD4 + CD8 -intrathymic T progenitor; DP, CD3 + CD4 + CD8 + double positive; SP4, CD3 + CD4 + CD8 -single positive; SP8, CD3 + CD4 -CD8 + single positive; sjTREC, signal-joint TREC; cjTREC, coding-joint TREC; PBMCs, peripheral blood mononuclear cells; HAART, highly active anti-retroviral therapy. maintaining homeostasis of peripheral T cells gradually switch during the human lifespan. It is generally assumed that in infants peripheral T cells are maintained predominantly through thymic output of RTEs, whereas in adults T-cell numbers are predominantly supplemented through the expansion of existing peripheral T cells (Fig. 1) . 2 Aside from quantitative differences between these two sources of newly generated T cells, qualitative differences exist as well. 1 Newly gen-
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erated T cells within the thymus undergo T-cell receptor (TCR) rearrangements, providing a peripheral T-cell repertoire diversity that is necessary to respond to numerous potential neoantigens. New T cells generated through existing peripheral T-cell proliferation preserve the phenotype of their progenitors and respond to a limited number of encountered antigens (Fig. 1) . Therefore, recently exported thymocytes are critical to sustaining both functionality and size of the peripheral T-cell pool. Thymic generation of new T cells is especially important under immunodeficiency conditions, such as HIV-1 infection, hemopoietic stem cell transplantation, and chemotherapy, since it allows for recovery of T-cell-mediated immunity better than if the recovery were only through expansion of pre-existing T cells. 1, 3 The term RTE in humans generally refers to T cells that have undergone only a few cellular divisions after leaving the thymus. A central dilemma for characterizing human thymic function is the lack of phenotypic markers for RTEs. Thus, experimental quantification of the number of RTEs exported from the thymus is not yet possible. Currently, measurement of T-cell receptor excision circles (TRECs) has been extensively used to represent RTE levels in both health and disease. [4] [5] [6] [7] [8] [9] TRECs are excised DNA fragments generated during TCR gene rearrangement in thymocytes. They are exported from the thymus to the periphery within RTEs as episomal DNA. Thus, TREC concentrations in the periphery could reflect RTE numbers. TRECs are stable and are not duplicated during mitosis; therefore, TREC concentrations are diluted out with each cell division. Controversy exists as to whether TREC concentrations can be used as an accurate measure of RTEs, since peripheral T-cell dynamics could influence TREC concentrations as well. 4, [10] [11] [12] In this review, we characterize human thymic func-FIGURE 1. Both thymic output of RTEs and peripheral T-cell proliferation contribute to peripheral T-cell homeostasis. Thymic output of T cells with diversified TCR gradually decreases over age, whereas peripheral T-cell proliferation augments the supply of T cells with limited TCR diversity to the peripheral T-cell pool to maintain T-cell homeostasis. Cells labeled with different shades represent diversified TCR repertore provided by the thymus, whereas cells labeled with the same shades represent a limited TCR repertoire provided through peripheral T-cell proliferation. 
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II. THE HUMAN THYMUS
The human thymus is the primary lymphoid organ that provides a unique environment for T-cell education and development, a process known as thymopoiesis. The thymic epithelial space (TES), where thymopoiesis occurs, contains mainly thymocytes and stromal cells. 13 Stromal cells include epithelial cells, macrophages, and dendritic cells supplying both direct cell contact to thymocytes and soluble molecules important for thymocyte development. 14 The thymic perivascular space (PVS) is the nonfunctional thymic tissue surrounding the TES region, comprised mainly of vessels and connective tissue. 13 Thymopoiesis occurs in the TES region starting from the second trimester of gestation and has been detected up to 107 years of life. 13 16 Mature SP4 and SP8 cells emigrate from the thymus into the periphery as RTEs (Fig. 2) .
By the end of the 1st year of life, the thymus reaches maximal size and continues to supply T cells with diversified TCR to the periphery, thus establishing the peripheral T-cell pool. 13 Thymectomy in the 1st month of life may result in some degree of immunodeficiency, as evidenced by significantly lower numbers of T cells and T-cell subsets, and diminished T-cell responses. 17 During aging, the TES region shows a continuous involution, starting from the 1st year until the end of life, whereas the PVS region expands in size. 15 Although the size of the human thymus remains unchanged, the absolute number of thymocytes dramatically decreases as the TES region shrinks.
Evidence supporting the involution of the adult thymus comes from studies of children and adults following cancer therapy and stem-cell transplantation. Children tend to have a much faster T-cell reconstitution than adults, suggesting a more active thymus. 6, 18 The adult thymus, however, is still actively engaged in thymopoiesis contributing new T cells to the periphery. 19, 20 Thymic involution during aging affects human thymopoiesis quantitatively rather than qualitatively. Thymocyte subset distributions in adults are similar to those observed in the fetus, and adult thymocytes continue to undergo TCR rearrangement at levels similar to those of the fetal thymus on a per thymocyte basis. 19 Further, thymic stromal cells remain active, providing signals for thymocyte survival and maturation throughout life. 14 By contrast, murine thymopoiesis is less efficient during aging, as evidenced by declining TREC concentrations within thymocytes with age. 21 To capture the dynamics of human thymocyte subsets over an 80-year lifespan, we developed a computational model mostly based on human clinical and experimental data. 10 The model demonstrates that five thymocyte subsets increase to their maximal values at age one and then decrease at a rate after that of approximately 5% per year (Fig. 3A) .
IL-7 secreted by stromal cells in the thymus appears to play a role in the multiple stages of thymocyte development. 22 By examining the effects of exogenous IL-7 on the generation of TRECs in the human thymus, one study has demonstrated that IL-7 has a direct effect on increasing TCR αβ gene rearrangement. 23 IL-7 administration to young mice also induces elevated TREC concentrations in the thymus, which represents increased thymopoiesis. 21 These data suggest the potential use of IL-7 for enhancing thymic output of RTEs. Further, treatment of HIV-1-infected individuals with human growth hormone has been associated with a marked increase in thymic mass and circulating naive T cells, indicating the role of growth hormone in enhancing thymopoiesis as well. 24 In order to reconstitute T-cell immunity, thymus transplantation has been performed in infants with DiGeorge syndrome, a congenital thymic dysfunction with severely reduced T-cell function, 5 and in adults with HIV-1 infection. 25 Results from patients with DiGeorge syndrome demonstrate that transplantation of thymic tissue can promote successful immune reconstitution. 5 Thymic allografts, however, are rejected in HIV-1-infected patients within 2 months, and no difference in restoration of T-cell function in the transplant recipients is observed as compared with controls. 25 The contradictory results yielded from thymus transplantation studies in these two populations may be related to the differences in recipients' age and disease status. Nevertheless, thymus transplantation may have potential use in adults with involuted thymus or in patients with immunodeficiency to augment thymic output of new T cells to the periphery.
III. RECENT THYMIC EMIGRANTS
RTEs refer to newly generated T cells that are recently exported from the thymus into the periphery. The ability to measure the number of RTEs would be invaluable for studying the thymic contribution to the establishment of peripheral FIGURE 2. Thymopoiesis within the thymus followed by T-cell maturation in the periphery. Hemopoietic progenitor cells migrate into the thymus and follow a series of maturation stages, including TN cells, ITTP cells, DP cells, and SP4 or SP8 cells. Thymocyte percentage is labeled for each subset. 16, 19 Mature thymocytes are exported into the periphery to become RTEs, which further mature/develop into naive T cells. Upon antigen stimulation, naive T cells differentiate into memory T cells. Phenotypic markers are used to identify different subsets of thymocytes and peripheral T cells, except RTEs. 11 T-cell repertoire as well as naive T-cell regeneration. Since no phenotypic marker has been identified for human RTEs, however, it is not yet possible to quantify the number of RTEs experimentally. Our computational model provides an estimation for the number of CD4 + and CD8 + RTEs exported from the thymus per day to the periphery ( Fig. 3B) . 10 Because of the lack of data on the half-life and circulation patterns of human RTEs, even a computational model cannot estimate the absolute number of human RTEs in blood and lymph tissue for different ages.
In contrast to those of humans, RTEs have been identified by phenotypic markers in chicken, rat, and mouse models. In chicken, the T-cell marker chT1 + is used to define RTEs. They are evenly distributed among peripheral T-cell compartments, including blood, spleen, and intestinal epithelial. The half-life of chicken chT1 + RTEs is about 3 days, and their complete loss in the periphery occurs in 1 month, as observed by experiments using thymectomized chicken. 26 In rats, CD4 + RTEs are defined as bearing CD45RC -CD90 + and can be identified in blood, the spleen, and lymph nodes. The percentage of rat RTEs in blood is 15% in rats 1 month of age, which is comparable to other compartments, suggesting RTEs travel through the periphery similar to mature T cells. It takes 1 week on average for rat RTEs to be incorporated into the naive T-cell pool. 27 Another study suggests that Thy1 + CD45RC -RT6 -is the marker for both CD4 + and CD8 + RTEs in rats. They are also observed to differentiate into mature T cells within 1 week of release from the thymus. 28 In mice, FITC-labeling of thymocytes and grafting of thymic lobes from congenic Ly5.2 + mice have been used to study RTEs. 29 Most mouse RTEs persist at least 3 weeks in the periphery, and thymic output of RTEs is not influenced by the size of peripheral T-cell pool nor by increased levels of circulating RTEs. 29 Several studies have been performed trying to characterize human RTEs, but they have been inconclusive. One phenotypic approach suggests that CD103 + naive CD8 + T cells are CD8 + RTEs. These CD103 + cells recirculate through and localize within secondary lymphoid tissues and demonstrate an age-and thymectomy-related decline as would be expected to occur in RTEs because of thymopoiesis. 30 Another study demonstrates that human cord blood T cells represent RTEs, since they express thymocyte-like characters with regard to rapid rates of apoptosis and enhanced proliferation in the presence of IL-7. 31 to home to lymph nodes 33, 34 and to the sites of IL-7 production, such as gut, skin, and liver. 35 Currently three measurements are used as surrogates of human RTEs in various clinical scenarios, including naive T-cell numbers, thymic volume, and TREC concentrations. 4, 9, 36 Concerns exist, however, regarding limitations for each of these three measures. Naive T cells may proliferate, may have a long lifespan, and may be converted back from the memory T-cell class while still retaining a functional memory. 3 The volume of functional thymic tissue can be measured by computed tomography, 37 radiographic imaging, 18 or ultrasound. 38 Thymic size is a rough estimation of thymic function and represents RTEs based on the assumption that thymic size is proportional to the number of RTEs. TREC concentration has recently become the mostly favored surrogate for the measurement of human RTEs. 4, 9, 33, 39 Interpretations of TREC data, however, have been complicated by T-cell dynamics in the periphery. 4, [10] [11] [12] In the next section, we explore TREC generation, measurement, and application to both health and disease.
IV. T-CELL RECEPTOR EXCISION CIRCLES A. TREC Generation Within Thymocytes
Various episomal DNA fragments are generated within thymocytes during TCR gene rearrangement and are defined as TRECs. TRECs are stable and are not duplicated during mitosis. Therefore, their concentration is diluted out after each cell division when they are passed within cells from thymocyte stage through RTE, naïve, and memory T-cell stages. 4 TREC species that can be used as measurements of RTEs have to satisfy at least two criteria. First, they must be common for every RTE; second, they must be detectable in the periphery. Two TREC species, signal-joint TREC (sjTREC) and coding-joint TREC (cjTREC), suit these requirements and have been used as measurements of human RTEs. 9, 11, 33, 39 The TCR δ gene is located within the TCR α gene locus. For αβ T cells, the α gene rearrangement is initiated by the deletion of δ gene from the α gene locus. During the first α gene rearrangement, sjTREC is excised out from the TCR δ locus through δ Rec to ψJα recombination event. The second TREC species, cjTREC, is generated subsequently by Vα and Jα gene rearrangement (Fig. 4) . 4 The δ gene deletion usually occurs in both alleles. 40 Several processes to delete the δ gene from the α locus may take place in the thymus, but δRec-ψJα is the most prominent rearrangement event. 41 Therefore, a maximum of 2 copies of sjTREC or cjTREC may exist in every αβ T cell immediately after the completion of a corresponding rearrangement event (Fig. 5) . Experimental data have measured sjTREC and cjTREC concentrations to be 0.17 copies per cell and 1.33 copies per cell, respectively, in human cord blood CD4 + and CD8 + T cells. 4 Assuming that cord blood T cells are RTEs, 31 we calculate that 3 to 4 cell divisions occur within the thymus after rearrangement produces sjTREC, while 0 to 1 cell divisions occur after generation of cjTREC (Fig. 5) . Alternatively, if we consider that approximately 80% of the αβ T cells have bi-allelic δ deletion, 42 and δRec-ψJα rearrangement represents roughly 68% of δ gene deletion, 41 then the number of cell divisions would be less than the above estimate.
Deletion of the δ locus from the α gene occurs during the DP cell stage, after cell proliferation and before positive and negative selection events. 43 Therefore, it is expected that DP cells have higher TREC concentrations as compared with other thymocyte subsets. A study using human fetal thymus has demonstrated that the highest level of sjTRECs is present in the CD3 -DP cell stage at 1.5 copies per cell, and sjTREC levels in CD3 + DP, SP4, and SP8 cells as 0.7, 0.6, and 0.4 copies per cell, respectively. 23, 30 No sjTREC is detected in TN and ITTP subsets. 23 Data regarding sjTREC levels in macaque thymocytes are different from those from human cells. In the macaque, the highest level of sjTREC is detected in ITTP stage as 0.5 copies/cell. TREC concentrations in TN, DP, and SP4 cells are 0.02, 0.3, and 0.2 copies per cell, respectively. 34 
B. TREC Detection in the Periphery
One important quantitative distinction that must be made for TREC detection in the periphery relates to the measurement of the amount of TRECs present either in per unit volume of blood or in a given number of T cells. We define the first measure as "TREC levels" versus the second measure as "TREC concentrations."
We first explore all potential factors that may influence both TREC levels and TREC concentrations in the periphery, including thymic output of RTEs, T-cell division, T-cell death, TREC degradation, and extrathymic T-cell generation (Table 1) . Increased thymic output would increase both TREC levels and TREC concentrations, as new T cells from the thymus are the major source of TRECs, 4, 5 and TREC concentrations in RTEs are higher than those in peripheral T cells. 30 Cell division would not affect TREC levels but would decrease TREC concentrations because of the dilution of TRECs during mitosis. 4 Dead T cells would be either TRECcontaining or non-TREC-containing. In the former case, TREC levels and TREC concentrations would be expected to decrease, since the death of TREC-containing T cells induces the loss of TRECs within them, whereas in the latter case, TREC concentrations would be expected to increase, but TREC levels would not be affected. TREC degradation within T cells reduces TREC levels as well as TREC concentrations. Extrathymic TCR rearrangements may be another source of TRECs, 1 elevating TREC levels. If TREC concentrations in extrathymic sites are higher than the periphery, T cells from extrathymic sites would increase TREC concentrations in the periphery. Otherwise, they would decrease peripheral TREC concentrations (Table 1) . Practically speaking, TREC concentrations can be easily monitored in the periphery by drawing small amounts of blood in humans. As the T-cell count in blood is known, TREC levels can be 
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calculated from TREC concentrations. 44 Therefore, we focus on detection of TREC concentrations in the periphery.
TREC analysis in the periphery is considered to be a feasible and practical assay to identify cells of recent thymic origin. [4] [5] [6] [7] [8] [9] Four PCR techniques have been developed to quantify TREC concentrations in the periphery, including quantitative PCR, 4 real-time PCR, 39 PCR-ELISA, 45 and LightCycler technique. 46 TRECs are detected in CD4 + and CD8 + T cells, 4 peripheral blood mononuclear cells (PBMCs), 39 and CD45RA + naive and CD45RO + memory T cells. 20 Higher TREC concentrations exist in the naive T-cell population as compared with memory T cells, due to cell division. 20 One study suggests that total TREC levels in the memory compartment are negligible, since memory cells contain only 2% of the TREC concentrations of naive T cells in the same individual. 11 A gradual decline of TREC concentrations occurs in healthy individuals over their lifespan. 4, 10, 39 Interestingly, females contain significantly higher levels of TRECs than males. 7 Nevertheless, it is still under debate whether TREC concentrations accurately represent thymic activity or are predominantly reflecting peripheral T-cell division and death. 4, [10] [11] [12] Among the above five factors that we have discussed affecting TREC concentrations (see Table 1 ), TREC degradation would likely be constant, 47 and the contribution of TRECs arising from extrathymic sites is likely negligible, since no TREC is detected in the periphery of individuals with DiGeorge syndrome. 4, 5 Therefore, changes in RTE levels and peripheral T-cell division and death become the major factors impacting TREC concentrations, all of which need to be considered when interpreting TREC data.
THYMUS PERIPHERY DP SP4/SP8 RTE FIGURE 5. sjTREC and cjTREC dynamics from the thymus to the periphery. Both sjTREC (represented by triangles) and cjTREC (represented by hearts) are generated during the DP thymocyte stage with a maximum of two copies in every cell. They are stably maintained within cells and diluted out after each cell division. Approximately 3 to 4 cell divisions occur before thymocytes containing sjTRECs emigrate into the periphery as RTEs (0.17 copies of sjTREC/RTE), whereas thymocytes harboring cjTREC experience 0 to 1 cell divisions when they are exported into the periphery as RTEs (1.33 copies of cjTREC/RTE). 
Note: ⇑: increase; ⇓: decrease; NA: not affected.
Thymus Versus T-Cell Dynamics
As human RTEs cannot be measured experimentally, it is not feasible to estimate the contribution of the thymus to changes in TREC concentrations. Thymus transplantation and thymectomy, however, may reveal some insights into this issue. In patients with DiGeorge syndrome or those infected with HIV-1 who received transplantation of thymus tissue, increases in both CD4 + and CD8 + TRECs are observed. 5, 25 Thymectomy in humans results in a decrease in peripheral blood CD4 + and CD8 + TREC concentrations as compared with healthy controls, and TREC concentrations remain consistently lower after thymectomy performed 40 years earlier. 4, 8 Similar profound decreases in blood TREC concentrations are also observed in rhesus macaques, mice, and chickens after thymectomy for both CD4 + and CD8 + T-cell compartments. 21, 34, 47 The above evidence indicates that the thymus does play a major role in regulating periphery TREC concentrations. In contrast to the immediate decrease in TREC concentrations observed in thymectomized chickens, 47 TREC decline has a lag of 3 to 7 months after thymectomy in humans 8, 30 and a lag of 2 weeks in mice. 21 This phenomenon may be related to a small extrathymic generation of TRECs in humans and mice, whereas all T cells in chickens are generated within the thymus. 47 Incomplete surgical removal of thymic tissue, thymectomy-induced prolongation of naive T-cell half-life, or the long half-life of TRECs may also account for the delayed fall of TREC concentrations in thymectomized humans and mice.
Changes in T-cell division and death rates have been associated with variations in TREC concentrations in the periphery. 11, 12 Unlike human RTEs which cannot be measured experimentally, several techniques are available to monitor peripheral Tcell dynamics, including expression of the proliferation marker Ki67, 11, 12 BrdU labeling, 48 and deuterated glucose labeling. 49, 50 These methods can estimate peripheral T-cell division and death rates, which are very helpful in interpreting how T-cell turnover influences TREC concentrations. Ki67 is expressed in cells that are in the cell division cycle. Peripheral blood T-cell division has been studied by flow cytometric measurements of Ki67 expression on T cells. 11, 12 Ki67, however, can only be detected in vitro, and it may be expressed by nondividing cells arrested in some phases of the cell cycle. 51 BrdU is a substitute for thymidine in newly synthesized DNA that labels dividing cells in vivo. 52 It is considered too toxic for use in humans in vivo; it can, however, be used for ex vivo labeling of human cells. 48 Deuterated glucose is a stable isotope-labeled metabolite that can be administered intravenously and incorporated into the DNA of dividing cells. 49, 50 This technique is devised for the direct measurement of cell kinetics in humans.
The key to interpreting TREC data is to quantify effects of thymic output, T-cell division, and death on TREC concentrations. Although Tcell division and T-cell death can be measured experimentally, RTE levels cannot. In this situation, computational modeling can be an invaluable tool for integrating relevant biological elements into a system for study. 10, 12 We developed a mathematical model to describe the nonlinear dynamics of T cells and TRECs in the periphery. 10 Through studying the parameters that govern thymic output, T-cell division, and T-cell death, respectively, we were able to address relative
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contributions of these three events to TREC concentrations. Our results indicate that, at any age, when these three events have a similar foldchange, thymic output and peripheral T-cell division have the same potential to change TREC concentrations, whereas T-cell death would affect TREC concentrations to a lesser extent. 10 
TREC During Aging
A gradual decline of TREC concentrations occurs with age in healthy people, 4,39 as well as in rhesus macaques, sooty mangabeys, 34 and mice. 21 Experimental data show that Ki67 expression, which represents cell division, does not increase in either CD4 + or CD8 + T cells in healthy individuals between the ages of 23 and 88 years. This suggests that a decrease in the TREC concentration during aging indeed reflects a decrease in thymic output of RTEs. 11 We use our mathematical model to assess the decline in TREC concentrations during aging. 10 As shown in Figure 6 , when setting as constant either the T-cell division rate (dashed line) or the T-cell death rate (long dashed line), simulations of TREC concentrations have a similar trend of decline to the healthy controls (solid line). When thymic output is maintained at a fixed level, however, the simulated TREC concentration remains in a relatively steady state over 80 years (dotted line). This finding indicates that a decreased output of RTEs because of thymic involution predominantly induces the decline of TREC concentration during aging, which is consistent with experimental results. 11 Interestingly, TREC concentration also remains in steady state when using both a constant T-cell division rate and a constant T-cell death rate (dot-dashed line). This suggests that declining thymic output will affect TREC concentration when accompanied by changes in either T-cell division or death, 53 which do occur during aging. 54, 55 Therefore, TREC concentration can represent thymic output of RTEs for healthy people during aging.
TREC During HIV-1 Infection
TREC concentrations in both CD4 + and CD8 + T cells are significantly reduced during HIV-1 infection, as compared with healthy controls. 4, 39, 56 Controversy exists as to whether the decreased TREC concentration in the periphery is mainly caused by damaged thymic function or by increased T-cell division. 4, 10, 12 Studies of HIV-1-infected patients indicate that the thymus can be infected by HIV-1, [57] [58] [59] inducing decreases in naive T-cell numbers, a reduced thymic volume, and thymic morphological changes. [60] [61] [62] Thymic dysfunction and early thymic involution have been associated with rapid disease progression in a subset of infants infected perinatally with HIV-1. [63] [64] [65] This evidence suggests that thymic function declines because of HIV-1 infection, which may contribute to the decline in TREC concentrations in the periphery.
HIV-1 infected patients have also been shown to have elevated T-cell division rates. 48, 50, 66, 67 Global activation of the immune system by HIV-1 has been suggested to lead to increases in T-cell proliferation. 48 T-cell dynamics in CD4 + and CD8 + compartments, as well as naive and memory compartments, are different during HIV-1 infection. TREC concentrations similarly decrease in both CD4 + and CD8 + T-cell populations during HIV-1 infection 4 ; division rates of CD8 + T cells, however, are elevated to higher levels, as compared with that of CD4 + T cells. 66, 67 This suggests that cell division contributes more to a decline in CD8 + T-cell TREC concentrations as compared to CD4 + T-cell TREC concentrations. Experimental data from Ki67 labeling show that cell division increases in naive CD8 + T cells but not in naive CD4 + T cells. This implies that a decrease in CD4 + T-cell TREC concentrations during HIV-1 infection could not result from an increased turnover of naive CD4 + T cells, but rather result from a decreased thymic output. 11 Another study applying the similar technique suggests, however, that divisions in both naive CD4 + and CD8 + T cells are significantly increased in HIV-1-infected patients. 12 They claim that the rapid decline in TREC concentrations observed during HIV-1 infection is better explained by significant changes observed in peripheral T-cell division. These conflicting conclusions may derive from the fact that the latter study included "transitional" cells in the naive CD4 + group, which are actually transiting from naive to memory states. 11, 51 Nevertheless, delayed effects of thymectomy on TREC concentrations occurring for up to 3 months, 8, 30 and the rapid fall in TREC concentrations starting from early HIV-1 infection, 39, 56 more likely reflect an increase in T-cell division rates than decreased thymic output during the first 3 months of HIV-1 infection.
Other factors may also explain TREC concentration decline during HIV-1 infection, such as increases in T-cell death rates 48, 50, 66, 67 and preferential redistribution of TREC-containing cells into lymph tissue. 33 TREC concentrations in CD4 + T cells in lymph tissue are significantly higher than in the blood compartment, which may partially explain the decrease in TREC concentration observed in the peripheral blood of HIV-1-infected patients. 33 Our mathematical model on TREC and T-cell dynamics again provides a systematic way to quantitatively analyze how the thymus and peripheral T-cell turnover contribute to changes in peripheral TREC concentrations during HIV-1 infection. By incorporating experimental data on changes in T-cell division and death rates, and by fitting simulations with clinical data on both T cells and TREC concentrations, our model predicts changes in the rate of thymic output of RTEs during HIV-1 infection. 10 Comparing fold-changes in the number of RTEs exported per day predicted by our model and T-cell dynamic rates reported from literature, our analyses reveal that decreased thymic output primarily induces the decline of CD4 + T-cell TREC concentrations, whereas increased peripheral T-cell division and decreased thymic output both contribute to the decline in CD8 + T-cell TREC concentrations. 10 Future improvements on this model application may include using T-cell dynamic data during the acute phase, latent phase, and end phase of HIV-1 infection to predict RTE level changes during different disease stages. With these modifications, we could accurately explore factors contributing primarily to TREC decline over the entire course of HIV-1 infection.
TREC During HIV-1 Treatment
After undergoing highly active anti-retroviral therapy (HAART), a marked increase in TREC concentrations are observed in both children and adults. 4, 56, 68 This may result from recovery of thymic function, 4, 56, 69 reduction in T-cell proliferation and destruction, [48] [49] [50] 66 or release of TRECcontaining cells from lymphoid tissues. 4 An early increase in naive T-cell numbers and increased thymic volume have been observed in HIV-1 patients during HAART. 36, 70, 71 Larger thymic size with elevated CD4 + T-cell counts and TREC concentrations are also observed together after HAART. 9, 71 TREC concentration correlates positively with the number of naive T cells, and negatively with age. 72 Children have both earlier and greater increases in naive T cells and TREC concentrations than adults. 39, 56, 73 One study using a mathematical model suggests that increased thymic output explains the increase in TREC concentrations during treatment of chronic HIV-1 infection. 44 These data imply that recovery of thymic function could induce TREC concentration recovery in HIV-1-infected patients on HAART. On the other hand, proliferation and death in both CD4 + and CD8 + T-cell populations are substantially reduced and return to near normal during treatment in HIV-1 patients. [48] [49] [50] 66 Therefore, the rebound of TREC concentration may be attributed to multiple factors. If data on T-cell dynamics were available, together with TREC concentrations from patients undergoing HAART, our mathematical model 10 would have the potential to characterize primary factors that contribute to the recovery of TREC concentration.
TREC in Other Clinical Settings
TREC concentration has been used to represent thymic output of RTEs in other clinical settings, such as chemotherapy and hematopoietic stem cell transplantation. 6, 74 TREC concentration rises weeks after hematopoietic stem cell transplantation and correlates with the frequency of naive T cells. 6, 74 A positive correlation between TREC concentration and broader TCR repertoires is also observed in transplant patients. 6 This suggests that T-cell regeneration requires residual thymic function in patients receiving hematopoietic stem cell transplantation, and increases in thymic output can contribute to observed increases in TREC concentrations.
SUMMARY
In this review, we summarize the recent literature on human thymic function and TREC concentration as a measurement of RTEs. The thymus clearly plays a key role in immunity, since it provides functional T cells to the periphery not only in children but also in adults, which is of great importance for the reconstitution of immune function during immunodeficiency conditions. TREC concentrations have been used widely as a measurement of RTEs, although the accuracy of this approach is under debate. Further studies that can directly measure TREC-containing T cells for proliferation and death, accurately characterize TREC concentrations and T-cell dynamics in two distinct pools of naive and memory T cells, and evaluate TREC half-life are needed to clarify the value of using TREC concentration as a marker for thymic output. We suggest that T-cell turnover rates are the key to understanding TREC concentrations as a surrogate marker for RTEs. If peripheral T-cell turnover remains relatively stable, then TREC concentration indeed reflects thymic output of RTEs. Mathematical models can be an invaluable tool to characterize factors leading to changes in TREC concentrations.
